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FAILURE	ANALYSIS	
SEISMIC	INPUT		
S. GIULIANO DI PUGLIA (CB Italia) 2002 
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Earthquake 
 
Masonry Compact structures 
or 
Two-leaf masonry 
Collapse mechanisms divide  
walls in rigid (and un-damaged) blocks, 
Solid and robust masonry 
BAGNOLO IN PIANO (RE Italia) 1996  
S t o n e 
Brick 
EMILIA	2012	
ERRORS	
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Abruzzo	2009		
ABAQUS		 DIANA	
TOWER	>	MACRO-ELEMENT		
ABAQUS-DIANA	 s.	Felice	sul	Panaro	E-R	
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CATENA=INIBITORE	DI	MECCANISMO		
IDEAL	
blocco A
blocco B
REPOINTING 
FRP 
TORRE GHIRLANDINA MODENA
INIBITORE	DI	MECCANISMO	
REPOINTING,	FRP	reinforced		
blocco A
blocco B
REPOINTING 
FRP 
TORRE GHIRLANDINA MODENA
INIBITORE	DI	MECCANISMO	
REPOINTING,	FRP	reinforced		
Blocco	B	
COMPOSITES	TECHNIQUE		
APPLIED	TO	HISTORICAL		
CONSTRUCTIONS		
PROTECTION:	
A	LOOK	ON	SOME	PIONEERING	EPISODES		
Application on vertical masonry wall 
Masonry Building  
 Zurich (Switzerland), 1996. 
cFRP   glued LAMINAE 
Previous timber decks substitution 
 elevator wallsbraced with CFRP Laminae 
COMPOSITES	TECHNIQUE	APPLIED	TO	HISTORICAL	CONSTRUCTIONS		
PROTECTION:	
A	LOOK	ON	SOME	PIONEERING	EPISODES		
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Cathedral	Cifà	di	Castello	
(	Perugia,	Italia),	
	May	1997,	
Bel-ng	Dome	with	cFRP.	
BEFORE		Earthquake-September	26th.1997.	
PLATING	TECHNIQUE	
COMPOSITES	TECHNIQUE	APPLIED	TO	HISTORICAL		
CONSTRUCTIONS	PROTECTION:	
	A	LOOK	ON	SOME	PIONEERING	EPISODES		
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Christ Church Cathedral, British Columbia, Victoria 
Canada, 1997. 
“BRICK RAIN” 
NEO-GOTHIC CROSS VAULTS OF NAVE   
PLATED IN EXTRADOS 
1997 gFRP 
COMPOSITES	TECHNIQUE	APPLIED	TO	HISTORICAL	CONSTRUCTIONS	PROTECTION:	
	A	LOOK	ON	SOME	PIONEERING	EPISODES		
	
1997 	cross	vaults	nave	of	Christ	Church	in	Victoria		
(Bri-sh	Columbia,	Canada)		
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Basilica di San Petronio 
Bologna (Italia), 1999.	
cFRP	pla-ng		
COMPOSITES	TECHNIQUE	APPLIED	TO	HISTORICAL	CONSTRUCTIONS	PROTECTION:	
	A	LOOK	ON	SOME	PIONEERING	EPISODES		
	
Con-nuos	crack	in	estrados	along	all	the	nave	
All	-e-rods	deviated	in	compression	
1999	:	reduc-on	of	vulnerability	of	huge	cracked	gothic	vaults		
		
	technique	of	pla,ng	extrados	of	all	principal	nave	.	
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BOLOGNA		Basilica	de	S.	Petronio		1999	
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FRP	pla-ng		
COMPOSITES	TECHNIQUE	APPLIED	TO	HISTORICAL	CONSTRUCTIONS	PROTECTION:	
	A	LOOK	ON	SOME	PIONEERING	EPISODES		
		1997	Sept	26th	strong	earthquake	in	Umbria,		
	several	interven-ons	on	the	
	Basilica	of	San	Francesco	in	Assisi		
	with	cFRP	and	aFRP		
	to	sustain	the	par-al	collapsed	gothic	cross	vaults.	
Collapsed	vaults,	1997	
• GLUELAM;	
• 	MULTIDIRECTIONAL	AFRP;	
• PULTRUTED	GLASS	BARS;	
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Dynamic, II mode 
Static horizontal forces (10% vertical w.) 
cFRM 
Bed Joint Revitalising  
COMPOSITES	TECHNIQUE	APPLIED	TO	HISTORICAL	CONSTRUCTIONS	PROTECTION:	
	A	LOOK	ON	SOME	PIONEERING	EPISODES		MHMS	composites	 21	
	COMPOSITES	TECHNOLOGY	APPLIED	TO	
HISTORICAL	CONSTRUCTIONS	PROTECTION:	a	look	
on	SOME	pioneering	events		
		
RE-CONSTRUCTION	
	
NOTO	(SICILIA,ITALIA)	CATHEDRAL	
	
	
Reconstruc-on	1996-2007	of	collapsed	parts	of	
Noto	Cathedral	(Sicilia,	Italia)	u-lized	pla,ng	of	
arches	covering	principal	nave	and	bed	joints	re-
vitalising	with	cFRCM	in	both	applica-ons.	
	
MHMS	composites	
before	
aper	
NOTO		1996	
MHMS	composites	 23	
“Se	è	possibile	costruire	dov’era,	
non	credo	sia	possibile	costruire	
com’era”	
ALDO	ROSSI	
If	it	is	possible	to	built	where	it	was,	I	do	not	think	is	possible	to	built	as	it	was.		
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Arsenal of Barcelona 
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cFRCM 
Lamina cFRP 
NOTO Cathedral 
Mecanismo de colapso por el arco 
cFRCM plating  +  FRP belt   
Paphos  Cypros 
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Re-construcSon	of	collapsed		Noto	Cathedral	(Sicilia,	Italia)	
u-lized	pla,ng	of	arches	covering	principal	nave		
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PLATING 
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BED JOINT 
REVITALIZING 
F
R
C
M 
Re-construcSon	of	collapsed	Noto	Cathedral	(Sicilia,	Italia)	
u-lized		bed	joints	re-vitalising	with	cFRCM	in	both	
applica-ons..			
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REPOINTING	
AS	
INHIBITOR	of	
MECHANISM				
ARDEA		
Repoin-ng	=	Ris-latura		
Reinforced	Repoin-ng	=	
Ris-latura	Armata	
1		
PLATING	under	Plaster	
STEEL	FABRIC	in	inorganic	Matrix		
2		
1	
TEJIDO	DE	ACERO	EN	LA	MATRIZ		INORGANICA		
Enchapado	BAJO	ENLUCIDO		

L’obiePvo	principale	resta	sempre	la	conservazione	non	solo	della	materia	ma	
	anche	del	funzionamento	strufurale	accertato	per	carichi	ordinari	e	frequenS,	qualora	questo	
	non	presen-	carenze	tali	da	comportare	rischi	di	perdita	del	bene	per	azioni	sismiche.	

	
TYPOLOGIES	OF	COMPOSITES	SUITABLE	FOR	STRENGTHENING	
HISTORICAL	CONSTRUCTIONS:		
(FRP),	FRCM,	(SRG,	TRM)	
	
Composites		as		mechanism	inhibitors	
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Tipologie	di	ComposiC	appropriaC		
per	il	rinforzo	delle	
	costruzioni	storiche	in	muratura		
(FRP)	FRCM,	(SRG)			
MACRO-ELEMENT “LATERAL WALL”: STRENGTHENING DESIGN 
THE APPLICATION OF THE STRENGTHENING ON THE TOP OF THE WALL IS A VERY 
INTERESTING SOLUTION. 
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FRCM		
Cordolo	sommitale	piafo	
Muratura	armata		
(Matrice	calce,	armatura	di	rete	di	acciaio	inox	oppure		
Ibrida	BASALTO-AISI_304	)	
PARETE		LATERALE		CHIESA		
MACRO-ELEMENT	“ARCO	TRIONFALE”	
THE APPLICATION OF THE STRENGTHENING ON THE EXTRADOS OF THE ARCH IS A VERY 
EFFICIENT SOLUTION. ON THE OPPOSITE SIDES OF THE STRENGTHENED SURFACE NO 
HINGES ARE ALLOWED TO FORM. THE NEW COLLAPSE MECHANISM WILL ACTIVATE 
WITH A  GREATER LOAD MULTIPLIER THAN THE PREVIOUS ONE. 
-	
PotenSal	F.L.	
without		reinforcement	
Mode	Ib	
FRP 
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FRCM	
Cordolo	sommitale	piafo	
Muratura	armata		
(Matrice	calce,	armatura	di	rete	di	acciaio	oppure		
Ibrida	BASALTO-AISI_316	)	
	
MACROELEMENT FAÇADE: STRENGTHENING DESIGN 
THE APPLICATION OF FRCM STRIPS  
CAN AVOID BOTH IN PLAIN AND OUT OF PLAIN COLLAPSE MECHANISM 
D.Bufo (PhD thesis):  
3D representation of the  
façade strengthening design  
of S.Biagio’s church  
in Modena with FRP 
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UNDER	PLASTER		
PARETE		FACCIATA		
COMPOSITE MATERIAL 
MATRIX + REINFORCEMENT 
FABRICS FIBER POLYMERIC CEMENTITIOUS 
FRP FRCM 
First generation  innovative 
C , G , A 
traditional 
PBO,  UHTSS, BASALT  
innovative 
mineral	
Vegetal		
Pseudo-fabrics	
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REINFORCEMENT 
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. 
Mono-filament: basic elementary compound  
 
diam ± 10µm 
 
REINFORCEMENT of composite 
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ARMATURA	
(Cavo di filatura) tow: product of the spinning machine. 
Bundling filaments (±1000), no torsion  (senza ritorcitura)             FIBER 
rotante	
REINFORCEMENT of composite      
(Filato) spun yarn: assembled tows with torsion 
Assembled yarns =  Roving 
(Cavo di filatura)  tow 
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REINFORCEMENT of composite       
GLASS 
CARBON 
ARAMID 
PBO,  PVA … 
INORGANIC 
 ORGANIC 
continuous 
Trama e ordito TESSUTO 
weft and warp FABRIC 
Pseudo-TESSUTO 
Pseudo FABRIC 
MULTI-DIRECTIONAL 
. 
STEEL 
 
METALLIC 
COMPOSITE 
  
  
MONO-DIRECTIONAL 
BI-DIRECTIONAL 
  FIBERS MINERAL		BASALT		
FLAX		
VEGETAL		
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PBO  Fibers 
 Developed by TOYOBO Co. Japan named Pbo Zylon® . 
 thoughness, high modulus, resistance to abrasion, fire, UVA 
 better than Aramidic fibers. Low humidity absorbtion  (0.6%). 
MATERIAL DENSITY 
 
[kg/m3] 
ELASTIC 
MODULUS 
[GPa] 
TENSILE 
STRENGTH 
[MPa] 
RUPTURE 
ELONGATION 
[%] 
CRITIC 
TEMPERATURE 
[°C] 
PBO 1560 270 5800 2.15 650 
SINTETIC 
Co-valent Link with cement matrix 
Poliparafenilen-Benzo-bisOxazolo (PBO) 
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STEEL wires 
Initials: UHTSS      acronym : Ultra High Tensile Strength Steel   
small wires assembled with torsion  arranged in fabrics. 
 
Composites  
SRG (Steel Reinforced Cement-Grout) 
SRP (Steel reinforced Polymer) 
 patented by HARDWIRE, 
Reinforcement GOODYEAR used for pneus  
Pseudo-fabrics (mono-
directional): 
a) Low (4 trefoli / inch);  
b) Medium (12 trefoli / inch); 
c) High (23 trefoli / inch)  
STEEL YARN ? 
Steel fabrics 
MHMS	composites	 43	
Fibers COMPARISON  1 
MATERIAL DENSITY’ 
[g/cm3] 
ELASTIC 
MODULus 
[GPa] 
Tensile 
Strength 
[MPa] 
Rupture 
elongation 
[%] 
HUMIDITY 
absorbment 
[%] 
GLASS   E 2.58 73 2000 3.5 0.5 
GLASS   S 2.58 86 3500 4.0 0.3 
CARBON 1.78 240 3400 1.4 0.1 
CARBON H-M 1.83 640 1900 0.5 0.1 
ARAMIDE 1.44 80 2800 3.3 4.5 
ARAMIDE H-M 1.45 125 2800 2.0 2.5 
PBO 1.56 270 5800 2.15 0.6 
Steel R.Bar 7.85 200 300-600 25.0 - 
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Fibers COMPARISON  2 
Glass E 
Steels r.bars 
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Pseudo-fabric, mono-directional 
Assembled yarns  or rovings 
Same direction 
carbon 
steel steel steel 
 
Transversal link 
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Pseudo-fabric, bi-directional 
 ASSEMBLED ROVINGS  
Two orthogonal directions 
 
NET 
Mesh /Grid/ 
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 FABRICS  (textiles) 
MONO-DIRECTIONAL 
Bi-directional 
Multi-Axial weft and warp  
Trama = weft 
Ordito = warp 
ORDITO (engl. WARP, french CHAINE,,spanish URDIMBRE) 
TRAMA (engl. WEFT, franch. TRAME, spanish TRAMA).  
Set of longitudinal yarns in which the transversal wires are inserted 
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Pseudo-fabric, multi-directional 
Rovings  
Different directions 
Mesh fabric 
Two ortogonal directions 
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        MATRIX 
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MATRIX of composite         
  
. 
 
 
 
CEMENT BASED (GROUT) 
 
FRCM Fiber Reinforced Cementitious Matrix  
  
COMPOSITE    
 POLYMERIC (RESIN)  
 
FRP  Fiber Reinforced Polymer  
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TECHNOLOGY of COMPOSITE 
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TECHNOLOGY OF COMPOSITE 
APPLICATION 
•  In-lab 
•  In-situ 
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Hand-process 
Impregnation of fabric 
               In Lab 
In -situ 
ROLLER 
A and B components of epoxy resin 
MATRIX		
PREPARATION	
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MATRIX (CEMENT BASED) 
COMPOSITE FRCM 
FRCM 
1.  SUPPORT MATERIAL 
2.  FIRST LAYER OF MATRIX 
3.  MESH OF FIBER (pboFRCM) 
4.  SECOND LAYER OF MATRIX 
5.  SECOND MESH OF FIBER 
(opzionale) 
6.  THIRD LAYER OF MATRIX 
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1 1 1 
2 
 
 
cFRP mono-directional as crack arrestor 
Collapse Mechanism 
FRCM as crack arrestor 
Laminae cFRP 
as crack arrestor 
P L A T I N G  technique  
1 
2 
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 carbon mesh cFRCM 
Roman Arch re-construction in Rimini (Italy) 
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Bed	Joint	Revitalizing		
GeoSteel	200	KK	
FRCM			
In-lab		
Connefore	DRY-FIX		KK		
Anchor application 
Aramid	anchor		
Estrados	of	bridge	in	Venezia		
hole	
MHMS	composites	 59	
COMPOSITE FAILURE 
•  DIFFERENT MECHANISMS 
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FRCM:  Mechanism of collapse 
Telescopic fracture 
TEST: PULL OUT of ROVING 
ADHESION OF EXTERNAL FILAMENTS TO CEMENTITIOUS MATRIX. 
C moderate adesion   -   PBO stronger adhesion 
Internal filaments remain dry and during collapse exhibit friction. 
Ductile rupture 
German	Research	Group	Representa-on		
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Support material + FRCM 
Mechanics of collapse 
Concrete	
(d)	
Fc	 Fc+ΔFc	
Sip	 Matrix	Fibers	
Ft	 Ft+ΔFt	
Delamination 
In the support 
Debonding at 
interface  fibers sliding 
Delamination 
Inside layer  
GENERAL ASPECTS 
Representa-on		
from	F.	Focacci	et	al.	MHMS	composites	 62	
Evidence	of	debonding	or	delaminaSon	of	the	brick	masonry	for	a	FRP	lamina	applicaSon	
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EVOLUZIONE		(@2016)	dei		sistemi	FRP,	FRCM:	
	
	
#1_PLATING:		
Matrici	con	legante	INORGANICO	(calce	e/o	cemento)	premiscelato		
Armatura	con	re-	ibride	a	ﬁlamen-	di	AISI	e/o	BASALTO	
	
#2_REPOINTING:	
Matrici	con	legante	INORGANICO	compa-bile	chimicamente		
con	malta	an-ca	esistente.	
Armatura	con	barre	in	ﬁbra	Basalto	o	barrefe	elicoidali	in	AISI	
#3_B.	J.	REVITALIZING	:	
	Matrici	con	legante	INORGANICO	(calce	e/o	cemento)	premiscelato		
Armatura	con	re-	ibride	a	ﬁlamen-	di	AISI	e/o	BASALTO	
	
27/09/16	
T=	force	due	to	inhibitor	device		
Ѓ=	Fracture	Energy	of	substrate		
N=	force	Contribu-on	of	connectors		
G=P	
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Failure	Compression	Design		
Fafore	di	Conﬁdenza		 Coeﬃciente	sicurezza	
Failure,	media	
Coeﬀ	correPvo	
Terminologie						
FC	fafore	di	conﬁdenza	
M*		massa	partecipante	al	meccanismo	
a*	accelerazione	spefrale	di	aPvazione	del	meccanismo	
d*	spostamento	spefrale	del	punto	di	controllo	
Terminologia		Accelerazione	al	suolo	 Coeﬀ		dipendente	dal	-po	di	suolo		
Coeﬃciente	di	partecipazione	modale		Spefro	elas-co	
=	z\H	
BLOCCO	AD	ALTEZZA	NON	NULLA	RISPETTO	AL	SUOLO	
SLD			STATO	LIMITE	SALVAGUARDIA	VITA	
q	fafore	di	strufura		(….			2)	
Spostamento	corrispondente	annullamento	accelerazione	spefrale	
CAPACITA’	DEL	SISTEMA		
Fig	1	 Diﬀeren-	curve	di	capacità	da	u-lizzare		
Periodo	secante		
Accelerazione	corr	spostam	d*s	nello	spefro	ADRS		
ADRS	=	Accelera-on		vs		Displacement	Response	Spectrum	
Fig	2	
Veriﬁca		graﬁca	secondo	il	metodo	non	lineare		
Spefro	di	risposta	elas-co	in	termini	di	spostamento	ADRS	
	valutato	per	il	periodo	secante	
Blocco	ad	altezza	non	nulla	sul	piano	di	campagna	
FIG.3	
FIG.4b	
ANALISI	E	VERIFICA	DI	UN	CASO	IDEALE		
Torre	cava	spessore	murario	variabile		
FIG.4a	
FIG.5	
FIG.6	
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Localized	strong	cracking	
Earthquake		May	2012	
(during	cosme-c	restora-on)	
May	2012		
M		5.2			
PGA		~	0,3	g		
~	40°	
H=	30	m			
DISLOCATION		B	
DISLOCATION		A	
DIAGONAL	CRACKING	AND	SLIDING		
LOCAL	DAMAGE		BY	KEY	OF	INTERNAL	TIE-ROD	
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CATENA	INTERNA	!!!		
alfa	
d	displacement	of	control	point	
Collapse	mul-plier	alfa		
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FIG.7	
LIMITI	DEL	PROCEDIMENTO	ESPOSTO		
MIGLIORAMENTO	/	RIDUZIONE	VULNERABILITA’		
Fig	8		
Riduzione	vulnerabilita’	con	“presidi	an-sismici”		
IL	TRILITE		CASO	IDEALE	PER		STUDIO	
FIG	9		
INIBITORE	DI	MECCANISMO:		
CATENA	oppure	STRISCIA	COMPOSITO	FRCM	LATERALE	ALTEZZA	VARIABILE	
FIG	10		
FIG	11		
CONFRONTO	X	TRILITE	SIMMETRICO	CON	TIRANTE	METALLICO	O	STRISCIA	FRCM		


FIG	12a		
Fig	12b	
TEATRO	PAVAROTTI	–	MODENA		
PROSPETTO	RETRO-PALCOSCENICO	
RETRO	FACCIATA		
SENZA	ORIZZONTAMENTI	INTERMEDI	
	
CASO	SIMILE	FACCIATA	CHIESA	
Fig	13b	
FIG	13a			
TEATRO	PAVAROTTI	–	MODENA		
α0	
FIG	14a			 Fig	14b	
						PLATING							SOTTO	INTONACO					INIBITORE	DI	MECCANISMO		
ε0	

α0	
FIG	15			
Fig	16	
Fig	17		 Fig	18		
CONSIDERAZIONI		FINALI		
GLI	APPROCCI	GLOBALI	CON	MODELLAZIONI	FEM	APPLICATE	ALLE	STRUTTURE	MURARIE		
VASTE	E	COMPLESSE	LASCIA	DUBBI	PER	LA	POSIZIONE	IMPLICITA	DI	CONNESSIONE	
	FRA	I	MACROELEMENTI	NON	SEMPRE	MODELLABILE.	
	
UN	ANALISI	PER	MACROELEMENTI	DISTINTI	PUÒ	ESSERE	UN	UTILE	IN	AFFIANCAMENTO		
SPECIALMENTE			
PER	INDIVIDUARE	I	MECCANISMI	LOCALI		
L’ANALISI	CIMEMATICA	LINEARE	È	LA	PIÙ	SEMPLICE	ED	IMMEDIATA	CON	INTRODUZIONE	
	DI	POCHI	PARAMETRI	ESSENZIALI	
GLI	INIBITORI	DI	MECCANISMO	APPROPRIATI	SONO	EFFICACEMENTE	INTRODOTTI	
	A	VALLE	DELLO	STUDIO	PER	MECCANISMI	LOCALI	DI	CIASCUN	MACROELEMENTO	
LE	INTERAZIONI	FRA	MACROELEMENTI	RESTANO	PARTE	PROBLEMATICA	DA	VALUTARE	
NELLA	PROCEDURA	DELINEATA.	

 
Angelo Di TOMMASO 
Università di Bologna  
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